ABSTRACT Due to their inherent topology characteristic, current source grid-connected photovoltaic inverters cannot realize low voltage ride through (LVRT) during a serious sag in the grid voltage. Based on mathematical models of three-phase current source grid-connected photovoltaic (PV) inverters, this paper analyzes quantitatively the relationship between steady-state DC-link current and grid voltage, and also derives the steady-state working range of the DC-link current in CSIs. Based on the steady-state working range of the DC-link current and the native characteristics of PV cells, this paper indicates the fundamental reason that three-phase current source inverter cannot realize LVRT. To solve this problem, an improved topology of a current source grid-connected photovoltaic inverter is adopted in this paper, where a chopper circuit is added in the DC link. Meanwhile, a novel control strategy is further proposed to realize LVRT under balanced and unbalanced grid voltage conditions. Finally, the simulation and experiment results verify the effectiveness of the proposed method.
I. INTRODUCTION
With the development of photovoltaic (PV) power generation, the relevant technologies have been fully investigated and widely applied. Voltage source inverters (VSIs) have more mature application technologies, therefore, the mainstream PV grid connected inverters are mostly voltage source inverters. However, due to the advantages such as boost capability, short-circuit protection capability and direct-current control capability, current source inverters (CSIs) are also suitable for PV generation applications.
In recent years, CSIs have been widely focused by domestic and foreign scholars [1] - [4] . In [1] , a five-level threephase current-type topology is obtained by dual derivation of the five-level three-phase voltage-type topology, and the modulation and control strategy of VSI are adopted in it, resulting in good dynamic and steady-state performance. Different from the power-voltage curve of PV array used in VSI, the power-current curve used in CSI is almost straight down on the right side of the maximum power point, so the The associate editor coordinating the review of this manuscript and approving it for publication was N. Prabaharan.
traditional MPPT method based on disturbance observation or conductance increment can cause the DC-link current to be out of control and further lead to a serious power change [2] . A novel MPPT algorithm based on disturbance resistance is proposed in [2] , which can efficiently solve the MPPT problem existed in CSI. Focusing on the leakage current of CSI in [3] , the split capacitor is used and its midpoint is connected to the neutral wire of grid voltage, which can keep the voltage difference between PV terminals and neutral wire constant to suppress the common-mode leakage current. In [4] , a new transformerless three-phase seven-switch H7 current source PV inverter is proposed. This method can not only effectively suppress the common-mode leakage current but also solve the bipolar pulse problem existed in the traditional method. However, there have been few studies on LVRT of CSI so far.
LVRT means that inverters can stay in grid-connected operation for a certain period of time when the power grid is in fault. In other words, inverters can ride through a certain fault time. The latest PV grid-connected technology regulation even requires that inverters should have a certain capability of zero voltage ride through (ZVRT) [5] . Compared with the PV system, wind power generation technology is developed earlier and more mature. At present, there have been a large number of literatures for LVRT in it. In a direct drive wind power system, to realize LVRT, the grid-side converter is used to limit the amplitude of the grid-connected current. And in DC-link, a crowbar is adopted to discharge the turbine energy to prevent overvoltage. At the same time, the pitch angle is controlled to reduce the energy captured by turbines [6] , [7] . The control strategies in the PV system are similar to that in the direct drive wind power generation system, so many of them can be directly applied to PV system [8] , [9] . For example, in [10] , an LVRT method based on model predictive control is proposed to control a two-stage voltage-type PV system under grid voltage sag. And in this method, the DC-link boost converter is used to track PV power during LVRT operation, meanwhile, the grid-side converter is used to limit the active power and provide reactive power for the grid. However, it is not applied in the single-stage CSI. In [11] , to realize LVRT in single-phase transformerless PV inverters, the reference operation point of PV is depended on the sag extent of grid voltage rather than MPPT under grid voltage sags. Unfortunately, due to the native characteristic of PV cells, the change of reference operation point cannot help the CSI realize LVRT when grid voltage sags seriously, and the detailed explanation will be shown in section IV of this paper. In a small number of literatures involving LVRT of CSI, an LVRT scheme for the current-type direct-drive wind power generation system is proposed in [12] . In this method, the grid-side converter is used to control the DC-link current under normal conditions. In addition, the turbine-side converter and grid-side converter are simultaneously used to control the DC-link current under LVRT conditions. However, there is only one converter in the PV system, so this method cannot work. In [13] , an LVRT approach based on a novel CSI topology, whose ac-side circuit is in series with capacitors, is proposed, and this method can provide the reactive power to support the grid when grid faults occur. Unfortunately, it cannot make the system maintain the unit power factor under normal operation condition, thus limiting its application range. In [14] , an LVRT control strategy for CSC wind generation system based on proportional-integral-resonant (PIR) controller is presented, where the generator-side converter decreases the generator output power according to the dip depth of grid voltage to balance generator-side and grid-side power when grid voltage fault happens. in [14] . In other words, the unique characteristic of PV cells is ignored, and this is obviously inconsistent with the actual situation. In all, there has not been a feasible LVRT method in CSI until now. In [15] , a dual current-loop control strategy which is oriented on positive and negative current respectively is proposed to stabilize DC-link current and coordinate power of grid-side and generator-side. Meanwhile, the notch filter is introduced to the control strategy of phase-locked loop. However, the complex control strategy increases the calculation time burden. In [16] , a model predictive power control approach is proposed to realize LVRT in CSI. However, the PV cells in DC-link of CSI are seen as the constant DC voltage source This paper firstly analyzes the difficulty of LVRT in conventional CSI topology and then proposes a novel LVRT control method based on an improved CSI topology. To clearly explain the difficulty of LVRT in conventional CSI topology, this paper derives the stable-state working region of the DC-link current under different grid voltage. On this basis, the fundamental reason that threephase CSI cannot realize LVRT is found. Specifically, when grid voltage sags seriously, the reference of the DC-link current will be out of the derived stable boundary, causing the CSI system to be out of control. On the other hand, although the reference value of the DC-link current can be changed into the stable boundary by modifying MPPT, the CSI system will not be controlled due to the native characteristic of PV cells. Then a novel control method based on an improved topology is proposed to realize LVRT. In this method, a buck chopper is added in DC-link to control the DC-link current, and the grid-side converter is used to control the grid-connected current. Applying the proposed control method can make the CSI realize LVRT when the grid voltage sags. At the same time, the inverter would provide the required reactive power for the grid when the grid voltage sags symmetrically. In addition, the symmetry of three-phase grid-side current can be ensured and the 2 nd order fluctuation in DC-link current can be suppressed effectively when the grid voltage sags asymmetrically. Though the improvement is very simple, it is very effective for LVRT in CSI. Finally, the simulation and experiment results verify the effectiveness of the LVRT control method proposed in this paper.
II. LVRT REQUIREMENTS OF PV SYSTEM
LVRT requirements of different utilities vary in their defined scopes and detailed specifications. A typical LVRT requirement enforced by China national grid is shown in Fig. 1 [17] . As seen, PV inverters are required to be able to ride through low voltage for at least 3s. The detailed requirements are listed as follows. (1) When grid voltage sags below the curve 1 in Fig. 1 , PV generation systems should be removed from the grid; (2) After grid voltage is restored, the output active power must recover to the normal operation state with a rate of at least 10% rated power per second; FIGURE 2. Requirements of reactive current during LVRT [5] .
FIGURE 3.
Three-phase CSI topology and control structure.
(3) During LVRT, PV inverters should provide the corresponding reactive power as expressed in Fig. 2 to support the power grid [5] . Fig. 3 shows a three-phase CSI, which consists of a set of PV array, a DC-link energy storage inductor, a three-phase full-bridge circuit, and a CL filter. In Fig. 3 , L dc represents the DC-link inductor, R dc represents the parasitic resistance of DC-link inductor, C and L represent the ac-side filter capacitor and inductor respectively. i dc , u dc , i s , u s , i g and u g represent the DC-link current and voltage, inverter-side current and voltage, grid-side current and voltage, respectively. In addition, the control structure in Fig. 3 is the conventional double-loop control in d-q synchronous reference frame [18] . Ignoring parasitic resistances in the CL filter, the mathematical model of the system in the three-phase stationary reference frame is given as
III. TOPOLOGY AND MATHEMATICAL MODEL OF CSI
where Q k denotes the switching function of each bridge arm, defined as 
where the subscripts d and q denote the d-axis and q-axis components respectively, and ω is the angular frequency of the grid voltage. m d and m q denote the d-axis and q-axis components of fundamental component in switching function, respectively. In the synchronous reference frame, all variables are DC variables. And when the system is stable, the differential terms in (3) are equal to zero. Meanwhile, orienting the grid voltage vector at the d-axis can obtain.
where u gm is the peak value of grid phase voltage. Substituting (4) into (3) can obtain
As 0 ≤ m d ≤ 1, the range of the DC-link current can be expressed as
In three-phase three-wire systems, when an asymmetrical sag of grid voltage occurs, three-phase voltage and current would contain positive and negative sequence components. Since there is no neutral wire, the CSI system does not contain zero-sequence components. In order to observe the positive and negative sequence components, the voltage and current are transformed into two-phase synchronous reference frame and their positive and negative sequence components can be extracted by the symmetric component method. As can be seen from Fig. 4 , the positive sequence synchronous coordinate rotates counterclockwise with angular velocity ω, and the negative sequence synchronous coordinate rotates clockwise with the angular velocity -ω.
The DC-link state equation of three-phase CSI can be expressed as where u dc represents the DC-link voltage of the inverter, calculated as
where As the frequency of the fluctuation component in the DC-link voltage is 2 times the frequency of the grid voltage, the impedance of inductor L dc is much larger than its parasitic resistance R dc . For simplification, R dc can be ignored when calculating the fluctuation component in the DC-link current, and the results can be obtained as (11) by the superposition method.
2nd fluctuation component From (11), an asymmetric sag of grid voltage would introduce the 2 nd order fluctuation component in DC-link voltage and further introduce the 2 nd order fluctuation component in the DC-link current. In addition, when an asymmetrical sag of grid voltage occurs, the mathematical model of the ac-side of CSI in a positive/negative sequence synchronous reference frame is still similar to (3). Therefore, based on (5), (10) and (11), the DC component in the DC-link current can be expressed as Fig . 6 shows the trajectory of synthesis vector composed of the positive and negative sequence fundamental complex vectors in switching function, and its outline is an ellipse.
In Fig. 6 , M represents the fundamental synthesis complex vector. M + and M − represent the positive and negative sequence fundamental complex vector respectively. In the case of linear modulation, the length of the long axis in the ellipse is less than 1, then 
Note that the reason of using m (15) is that the lower boundary of (15) is the smallest under this circumstance. In other words, the CSI system must be out of control when the reference value of the DC-link is smaller than the lower boundary of (15).
IV. THE DIFFICULTY FOR LVRT IN CONVENTIONAL CSI TOPOLOGY
Section III has derived the stable-state working regions of the DC-link current in CSI when grid voltage sags symmetrically and asymmetrically, respectively. On this basis, this section will further discuss the difficulty of realizing LVRT in conventional CSI topology.
When grid voltage sags, (6) and (15) can describe the stable-state working region of the DC-link current in CSI. From (6) and (15), it can be seen that the lower limit of the DC-link current will rise with the decrease of u gm . When grid voltage sags to a certain extent, the reference value of the DC-link current, given by MPPT, will be out of the steady-state working region, resulting in the instability of CSI. In practical applications, the steady-state working region of DC-link current is a subset of (6) due to the amplitude limit module, thus the instability problem is more serious.
In theory, to realize LVRT of CSI, it only needs to control the DC-link current to be within the derived boundaries (i.e. (6) and (15)). And this can be achieved by modifying MPPT, then the PV cells will work at non-MPPT mode. However, because of the native characteristic of PV cells, it is difficult to make the CSI system stabilize during LVRT especially when grid voltage sags seriously. Taking the symmetrical sag of the grid voltage, for example, the detailed analysis is as follows.
When grid voltage sags symmetrically, the steady-state working region of DC-link current is as (6) . Fig. 7 shows the upper and lower bounds of (6) 
As can be seen from Fig. 7 , when there is a slight sag in grid voltage, the maximum power point M is included in the steady-state working region (curve A 0 B 0 ), thus the CSI system can work well.
However, when a serious sag in grid voltage occurs, the point M would be out of the steady-state working region (curve A 0 B 1 ), thus the CSI system cannot be stable. At this time, the point N in Fig. 7 can be selected as a new reference operation point by modifying MPPT, and the CSI system could be stable again theoretically. Unfortunately, due to the native characteristic of PV cells, from Fig. 8 the curve A 0 B 1 are almost perpendicular to the horizontal axis. In other words, when the point N is selected as a new reference point, the active power injected into the CSI system will change a lot with a slight change of the DC-link current. However, the fluctuation of the DC-link current takes place inevitably due to the existence of a PI controller in the DC link. Here supposes that the input active power is approximately equal to the output active power. Therefore
where i gd is the active component of the grid-connected current. And according to (16) , this will lead to the serious fluctuation of i gd because the power p changes a lot. Furthermore, this implies the distortion of grid-connected current or even the instability of the CSI system. Similarly, when a serious asymmetrical sag of grid voltage occurs, the fluctuation of the DC-link current will be larger due to the existence of 2 nd order fluctuation. And this can lead to the more serious current distortion and instability problems.
Therefore, when a serious sag of grid voltage occurs, in conventional CSI topology, the LVRT cannot be realized, no matter that the reference of the DC-link current changes or not. And the next section will give a solution for LVRT of CSI, which is based on an improved CSI topology, and the difficulty discussed in this section will not exist.
V. CONTROL STRATEGY FOR LVRT IN AN IMPROVED CSI TOPOLOGY A. AN IMPROVED TOPOLOGY OF THREE-PHASE CSI
From the above analysis, limited by their topology structure and PV cells characteristic, three-phase CSIs cannot realize LVRT during a serious sag of grid voltage, and this problem cannot be solved in the conventional topology. From (6) and (15), it is known that when grid voltage sags seriously, to keep the DC-link current unchanged before and after drop, the lower limit of the steady-state working region of it should be reduced to prevent it from spinning out of control, which can be done by reducing the DC-link input voltage E. For a single three-phase CSI, the DC-link voltage cannot be reduced only by the control method discussed in [12] . In order to realize LVRT of CSIs, the buck converter is used in the first-stage of three-phase CSI in the paper which is shown in Fig. 9 . As seen, an IGBT S 1 and a diode D 1 between the PV array and the DC-link inductor are added, which constitutes a step-down chopper. When grid voltage sags seriously, by controlling the switch S 1 , the DC-link current can keep unchanged before and after a sag. Meanwhile, the grid-side current can be controlled independently through the three-phase full-bridge circuit. In addition, when the improved CSI system works at LVRT mode, the (17) can be established under the assumption of power balance.
where, D denotes the duty cycle of the switch S 1 , and 0 < D < 1. E P and I P are the voltage and current of PV cells at the point P in Fig. 10 , respectively. I M denotes the current of PV cells at the point M in Fig. 10 . Note that the point M is the maximum power point of PV cells. And simplifying (17) can result in (18) . From (18), when the DC-link current keeps unchanged before and after grid voltage drop, the current of PV cells will be lower than it, i.e. I P < I M . In other words, the operation point of PV cells is P, at the right side of point M in Fig. 10 . Furthermore, the voltage of PV cells will change less with the fluctuation of its current, and this can improve the control performance of the DC-link buck circuit.
Therefore, the two-stage configuration can avoid the problem of the wild fluctuation of PV power discussed in Section IV. In addition, the stable-state working region can be adjusted by the switch S 1 to contain the desired reference of DC-link current. Thus, the difficulty discussed in Section IV cannot exist in the improved CSI topology, and the LVRT can be realized easily.
B. OPERATION MODES
Depending on the sag degree of grid voltage, the CSI system can be configured into normal operation mode and LVRT operation mode.
1) NORMAL OPERATION MODE
When there is no or only a slight sag in grid voltage, the gridside current would rise but not exceed the maximum value which the system can withstand. In this case, the switch S 1 keeps on and the system can operate well with the traditional double-loop control method. The equivalent control structure is the same as that shown in Fig. 3 .
2) LVRT OPERATION MODE
When there is a serious drop in grid voltage, the grid-side current can be limited by the current limit module. Furthermore, in order to control the DC-link current and also avoid the interaction between the DC-link chopper circuit and gridside converter, this paper proposes a novel control method where the AC-side subsystem and the DC-side subsystem are controlled separately as shown in Fig. 9 . On this basis, the DC-link current is controlled by S 1 to keep constant, and the diode D 1 provides a freewheeling path for it. In addition, the grid-side current is only controlled by the three-phase fullbridge circuit to track the current reference.
C. CONTROL METHOD FOR LVRT DURING A SYMMETRICAL DROP OF THREE-PHASE GRID VOLTAGE
In three-phase CSIs, there are two primary control targets during a symmetrical sag of grid voltage, which are listed as follows.
(1) The grid-side current cannot exceed the set maximum value;
(2) The DC-link current should keep unchanged before and after grid voltage sag. Fig. 2 shows the reactive current requirement, so the reactive current reference i * q can be obtained as
where u T is the per unit value of grid voltage.
Therefore, for different drop degree of grid voltage, the grid-connected current vector I g can be drawn as Fig. 11 , and the control methods can be divided into the following several situations. 
1) SEGMENT AB (U T ≥ 0.9)
Under normal operation condition, the control method of CSI is shown in Fig. 3 , which is the conventional double-loop control including a DC-link current outer loop and an AC-side current inner loop. Under the rated conditions, i gd = I N . When grid voltage drops slightly (u T ≥ 0.9), the reactive current of the system is required to be zero. Assuming that the input power remains constant, as seen from (16), the drop of grid voltage will cause the rise of grid-connected current, whose magnitude is related to the magnitude of the grid voltage, expressed as I N /u T . And the end of the grid-connected current vector is in the segment AB.
2) SEGMENT BC (UT < 0.9)
When the grid voltage further sags (u T < 0.9), according to the sag degree of grid voltage, the PV system should provide corresponding reactive power for the grid. As the actual load is mostly inductive, the inductive reactive current is chosen here. If necessary, the capacitive reactive current can be adopted as well. The active current will increase with the decrease of grid voltage, but the grid-connected current cannot exceed the maximum current that the system can withstand, expressed as I max = λI N , where λ is the overcurrent coefficient of the system. The end of the grid-connected current vector is in the segment BC, and the conventional double-loop control method can control the system well.
3) SEGMENT CD
As the sag degree of grid voltage continues to increase, the end of the grid-connected current vector would move to the point C in Fig. 11 . At this time, the amplitude of grid-connected current would reach the maximum value I max . To avoid overcurrent, the amplitude limit module is demanded, and the amplitude of the grid-side current can be expressed as
From (20), the critical value of u T between BC and CD can be solved. However, the form of the analytical solution related to λ is much complicated. When the overcurrent coefficient λ is adopted in 1.5 ∼ 3, the local approximate solution u T can be obtained by data fitting method, which is
Therefore, when u T < 1.1/(λ+0.11), to make the DC-link current constant, the separate AC-side and DC-connected closed-loop control in Fig. 9 should be applied in the system. At this operation mode, the DC-link current reference keeps constant. In addition, to make full use of the overcurrent capability of the inverter and help support grid voltage at the point of common coupling, the grid-connected current reference can be written as These two operation modes discussed above have the same control structure for the grid-side current loop, as shown in Fig. 12 . To suppress the resonance introduced by CL filter in CSI, the active damping method is implemented where a proportional feedback of capacitor voltage is introduced into the grid-side current loop [19] . This method can effectively VOLUME 7, 2019 suppress the CL filter resonance and also maintain its highfrequency attenuation capability. In Fig. 12, H i1 is the proportional coefficient of the capacitor voltage feedback. The detailed parameter design method is introduced in [18] .
Under normal operation condition, the S 1 keeps on, and the control for the DC-link current is realized through the conventional double-loop control strategy. However, the traditional method cannot work well during a serious drop of grid voltage, instead the system should be configured into the Buck-CSI by S 1 and D 1 to realize LVRT. During the LVRT operation, the front-stage buck circuit controls the DC-link current and the back-stage three-phase full-bridge circuit controls the grid-side current as shown in Fig. 9 . The inverter can be equivalent to a voltage source u dc as shown in Fig. 13 , where the system adopts a PI controller to control the DC-link current. Furthermore, to improve the dynamic response of CSI during LVRT, the per unit value of grid voltage is fed forward to the output of the PI compensator. 
D. CONTROL METHOD FOR LVRT DURING AN ASYMMETRICAL DROP OF THREE-PHASE GRID VOLTAGE
In three-phase CSIs, there are usually two control targets during an asymmetrical drop of grid voltage [20] , which are listed as follows.
(1) Suppress the 2 nd order fluctuation in the DC-link current; (2) Suppress the negative sequence component in the gridside current. These two targets cannot be achieved at the same time [19] , so only one of them can be considered in the control system design. To ensure the quality of the gridconnected current during the LVRT, target 2 is chosen in this paper.
The output apparent complex power of inverter is According to the instantaneous power theory, the active power p(t) is derived as (24) in the positive/negative sequence synchronous reference frame.
The reactive power q(t) is derived as q = Imag(S dq ) = q 0 + q c2 · cos(2ωt) + q s2 · sin(2ωt) (25) Thus, the mathematical model of instantaneous power under unbalanced grid voltage is deduced as
where, p 0 and q 0 represent the DC term of instantaneous active power and reactive power respectively. p c2 , p s2 , q c2 , reference value can be calculated as
The quadrature-signals of fundamental components in the α-axis and β-axis are obtained by the DSOGI [21] . Then positive-and negative-sequence components of grid voltage in the α − β coordinate system are obtained by the positive/negative sequence calculation (PNSC) block. As shown in Fig. 14, u To avoid the fluctuation of the grid-side current during an asymmetrical drop of grid voltage, in this paper, the active power command p * 0 should change synchronously with the positive sequence component u + gd , which can make the positive sequence active current command independent of the asymmetrical sag degree of the grid voltage. Fig. 15 shows the control structure of grid-side current loop during an asymmetrical sag of grid voltage.
When the control target is to suppress the negative sequence component of grid-side current, the 2 nd order fluctuation of the DC-link current will exist, which thus degrades the control performance for grid-side current [22] . Adding a notch filter in the DC-link current feedback path can filter the 2 nd order component [23] , [24] . Unfortunately, this method would simultaneously introduce extra delay and thus affect the stability of the control system. In addition, the powercurrent curve of PV array used in CSI is almost straight down on the right side of the maximum power point, so the 2 nd order fluctuation of the DC-link current can cause the system to be out of control [2] . Obviously only adopting the PI compensator cannot solve the problem, so a PIR (Proportional, Integral and Resonant) controller is employed in this paper to control the DC-link current [25] , [26] . The resonance frequency of the resonant term in PIR is set to two times grid voltage fundamental frequency. The control method is shown in Fig. 16 .
VI. SIMULATION RESULTS
In order to verify the theoretical analysis and the proposed LVRT control strategy for CSIs, the simulation platform of a 3kW CSI is built on MATLAB/Simulink. The system parameters are listed in Table 1 .
When three-phase grid voltage sags to 20% of rated value symmetrically, under the conventional control method shown in Fig. 3 , it is seen from Fig. 17(a) that the DC and AC-side current both rise immediately and even exceed the permissible range. In Fig. 17(b) , when A and B phase grid voltage drops to 20% and C phase remains unchanged, the AC-side current rises immediately and the severe 2 nd order fluctuation in the DC-link current appears. In addition, the gridside current is distorted seriously. All these results verify the correctness of the above analysis. In other words, limited by their topology structure, the conventional CSIs cannot realize LVRT.
With the proposed LVRT control strategy, Fig. 18 shows the DC and AC-side currents and grid voltage waveforms when grid voltage drops symmetrically to 20%. Compared with Fig. 17(a) , the DC-link current keeps constant during the whole LVRT process, shown in Fig. 18(a) . Meanwhile, the grid-side current maintains a better sinusoidal waveform in Fig. 18(b) , and the amplitude change of the grid-side current is consistent with that shown in Fig. 11 . In addition, Fig. 18(c) shows that the inverter provides the required reactive power for the grids to support grid voltage. As the loads in the grids are generally inductive, the reactive power generated by the inverter is inductive as well. Furthermore, the required amount of reactive current injected to the grid is as Fig. 19 .
With the proposed LVRT control strategy, Fig. 20 shows the DC and AC-side currents and grid voltage waveforms when A and B phase grid voltage sags to 20% and C phase keeps unchanged. Compared with Fig. 17(a) , when an asymmetrical sag occurs, the DC-link current in Fig. 20(a) still keeps constant during the whole LVRT process and there is no 2 nd order fluctuation. Meanwhile, the grid-side current keeps a symmetrical and better sinusoidal waveform as seen from Fig. 20(b) .
VII. EXPERIMENT RESULTS
In order to further verify the effectiveness of the proposed LVRT control strategy, an experimental platform has been built in the laboratory, shown in Fig. 21 . And the system parameters listed in Table 1 .
In Fig. 21 , the power module Infineon BSM50GB120DLC and the digital controller TMS320F28335 are adopted. The Fig . 22 shows the experiment waveforms of three-phase CSI with the proposed LVRT control method when the grid voltage sags symmetrically to 20%. From Fig. 22(a) , during the whole LVRT process, the DC-link current keeps constant and the amplitude variation of the grid-side current is consistent with that shown in Fig. 11 . At the same time, the grid-side current maintains a better sinusoidal waveform. However, comparing to Fig.18(b) , the DC-link current waveform in Fig.22(b) is a little different at the moment of grid voltage drop. On close observation, the grid voltage changes gradually in Fig. 22(b) due to the limitation of the power grid simulator used in the experiment, instead of the grid voltage changes abruptly in simulation under MATLAB/Simulink platform. Therefore, in the experiment, the transient process of the DC-link current is a little longer than that in the simulation. Furthermore, in Fig. 22(b) , the change of DC-link current in the transient process is consistent with the change of grid voltage. In addition, the inverter provides the required inductive reactive power for the grid, and the corresponding reactive current is the same as that in Fig. 19 . Fig. 23 shows the experimental waveforms with the proposed LVRT control strategy when A and B phase grid voltage sags to 20% and C phase keeps unchanged. From Fig. 23(a) , when an asymmetrical sag occurs, the DC-link current still keeps constant. As seen in Fig. 23(b) , after a short transition, the amplitude of the grid-side current reverts to the original value before the grid voltage sag. Furthermore, in Fig. 23(c) and Fig. 23(d) , when the grid voltage sags to 20% asymmetrically, the grid-side current not only maintains the symmetry in three-phase but also has a higher power factor and better sinusoidal waveform during LVRT. In conclusion, these experimental results well verify the effectiveness of the proposed LVRT control method. Fig. 24 shows the DC-link current waveforms with PI and PIR compensators in the DC-link control method when A and B phase grid voltage sags to 20% and C phase keeps unchanged, respectively. Comparing Fig. 24(a) with Fig. 24(b) , when the grid voltage sags asymmetrically, a PIR controller can more effectively suppress the 2 nd order fluctuation of the DC-link current.
VIII. CONCLUSION
This paper has analyzed the difficulty for LVRT in conventional CSI topology and proposed a novel LVRT control method based on an improved CSI topology. Specifically, when grid voltage sags seriously, the reference value of the DC-link current will be out of the derived stable boundary, causing the CSI system to be out of control. On the other hand, although the reference value of the DC-link current can be changed into the stable boundary by modifying MPPT, the CSI system will not be controlled due to the native characteristic of PV cells. To solve this problem, a novel control method based on an improved topology has been proposed to realize LVRT. In this method, a buck chopper is added in DC-link to control the DC-link current, and the gridside converter is used to control the grid-connected current. Applying the proposed control method can make the CSI realize LVRT when the grid voltage sags symmetrically and asymmetrically. At the same time, the inverter would provide the required reactive power for the grid when the grid voltage drops symmetrically. In addition, the symmetry of threephase grid-side current can be ensured and the 2 nd order fluctuation in DC-link current can be suppressed effectively when the grid voltage drops asymmetrically. Finally, the simulation and experiment results verify the effectiveness of the LVRT control method proposed in this paper. 
